Occurrence statistics of magnetic impulsive events by T. Moretto et al.
Annales Geophysicae (2004) 22: 585–602 © European Geosciences Union 2004
Annales
Geophysicae
Occurrence statistics of magnetic impulsive events
T. Moretto1, D. G. Sibeck1, and J. F. Watermann2
1Laboratory for Extraterrestrial Physics, NASA Goddard Space Flight Center, Greenbelt, Maryland, USA
2Danish Meteorological Institute, Copenhagen, Denmark
Received: 25 April 2003 – Revised: 20 June 2003 – Accepted: 25 June 2003 – Published: 1 January 2004
Abstract. In this study, we perform a statistical investiga-
tion of magnetic impulse events identiﬁed in the Greenland
magnetometer stations through the years 1995–2001. We fo-
cus on occurrence statistics that can be determined reliably
with an automatic event identiﬁcation procedure. Durin the
ﬁrst two years we observed almost 40% more events than
in the following years. Season is not a signiﬁcant factor in
event occurrence. Event occurrence peaks near 12:00 UT,
corresponding to approximately 10:00 magnetic local time
(MLT) at the west coast of Greenland. More events occur
prior to local noon than after. Event days are not distributed
evenly. Large amplitude events, particularly, tend to appear
on consecutive days. Events are observed at lower latitudes
at earlier local times in a way consistent with the projection
of the outer magnetospheric boundary into the ionosphere.
Event latitude depends on dipole tilt angle in a manner sim-
ilar to that reported for the cusp. Events occur during inter-
vals of enhanced Kp. The main reason for this is that the
events themselves contribute to the Kp index. Events exhibit
a preference for high solar wind velocity. In particular, the
large amplitude events occur during high-speed streams. A
slight preference for lower density and more radial interplan-
etary magnetic ﬁelds, as compared to the nominal solar wind
distribution, is also observed. However, both the nominal so-
lar wind and event distribution exhibit large differences from
year to year, indicating that events occur under a broad range
of conditions.
Key words. Ionosphere (ionospheric disturbances) – Mag-
netospheric physics (magnetosphere-ionosphere interac-
tions; solar wind-magnetosphere interactions)
1 Introduction
Transient (5–20min) variations in the ground magnetic ﬁeld
at high latitudes are very common. On the dayside, where
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they clearly are not directly associated with substorm pro-
cesses, they go under the generic name of magnetic im-
pulse events (MIEs). A large portion of MIEs result as the
magnetic signature of ionospheric traveling convection vor-
tex (TCV) events as ﬁrst demonstrated by Friis-Christensen
et al. (1988) and Glassmeier et al. (1989). Potentially, MIEs
can be caused by any of a long list of processes in the outer
magnetosphere. Early suggestions included bursty reconnec-
tion at the magnetopause (Glassmeier et al., 1984; Lanzerotti
et al., 1986) and magnetopause motion driven by pressure
pulses or abrupt changes in the interplanetary magnetic ﬁeld
(IMF) (Friis-Christensen et al., 1988; Sibeck et al., 1989).
Currently, evidence seems to be mounting in support of fore-
shock generated density variations in the solar wind as an im-
portant source of TCVs (Sibeck, 1995; Sibeck and Korotova,
1996; Sitar et al., 1998; Sibeck et al., 1999; Zesta et al., 1999;
Moretto et al., 2002; Murr et al., 2002; Murr and Hughes,
2003). Particularly, Murr and Hughes (2003) very convinc-
ingly demonstrate one-to-one correspondence between TCV
events and foreshock cavity-like signatures for 30 out of their
31 events. This ties in well with statistical studies of MIEs
that have shown them to occur more frequently prior to noon
local time than after and to favor more radial IMF orientation
(Glassmeier et al., 1989; Lanzerotti et al., 1991; Konik et al.,
1994; Sibeck and Korotova, 1996; Zesta et al., 2002) as also
expected for the cavities (Sibeck et al., 2001). Other pre-
dictions, however, are not clearly conﬁrmed by existing MIE
and TCV statistics, a prominent example being the prefer-
ence for high solar wind speeds (Sibeck et al., 2001). Fur-
thermore, many discrepancies exist between the earlier sta-
tistical studies causing confusion about their results regard-
ing, for example, seasonal and local time occurrence rates
(e.g. discussions in Sibeck and Korotova, 1996; Zesta et al.,
2002).
One obvious source of confusion is the fact that the def-
initions of MIE and TCV events are intimately tied to the
observational set-up with which they are recorded. For ex-
ample, it takes a dense network of stations, with substan-
tial latitudinal and longitudinal coverage, unambiguously to586 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
Fig. 1. A map of the Greenland stations used in the study is shown.
Stations are named by their three-letter IAGA acronym. Corrected
geomagnetic latitude curves as well as the approximate location of
the geomagnetic pole are included for reference.
conﬁrm the traveling vortex property of an event. This has
been done successfully but, inevitably, only for a limited
number of case-studies (Moretto et al., 1997; Zesta et al.,
1999; Murr et al., 2002; Amm et al., 2002). Consequently,
the exact relationship between MIE and TCV events has not
been worked out. On the other hand, the closing of ﬁlaments
of ﬁeld-aligned currents from the outer magnetosphere into
and out of the ionosphere that drive the transient ionospheric
signature inherently produces vortical structures in the iono-
sphere (see e.g. Southwood and Kivelson, 1989, 1991). This
makes the exact veriﬁcation of the vortical structure of MIEs
less important. What is more important is the deﬁnition of an
appropriate scale size for the signatures under consideration.
Inherent in the deﬁnition of TCVs has been the fact that the
structures must be large and long-lived enough to be identi-
ﬁed and followed in their propagation over a large number of
magnetometer stations. Notably, TCVs were ﬁrst veriﬁed in
the observations from the network of stations in Greenland
spanning almost 20◦ in latitude and 3 h of local time in lon-
gitude (Friis-Christensen et al., 1988). Statistical studies in
the past have dealt with this question in a variety of ways.
Studies based on single stations adopted requirements on the
amplitude of the events as well as speciﬁc waveforms for the
magnetometer signature (Glassmeier et al., 1989; Lanzerotti
et al., 1991). Sibeck and Korotova (1996) used a widely
spread network of stations and required that the signature
be observed by at least three stations at a certain amplitude.
Similarly, Vorobjev et al. (1999) and Zesta et al. (2002), who
both used a small number of stations widely spread in local
time, required signatures to be observed at more than one of
their stations at a certain amplitude. Zesta et al. (2002), in
addition, applied a waveform requirement to further ensure
the compatibility of their selected events with the TCV inter-
pretation. Finally, the studies of Moretto and Yahnin (1998),
L¨ uhr et al. (1998) and Murr and Hughes (2003) involved only
a small number of events making it feasible to manually con-
ﬁrm each of them as proper TCV events.
Based on experience from earlier statistical studies we
undertake here a comprehensive statistical analysis of MIE
events identiﬁed in the Greenland magnetometers over sev-
eral years from 1995 through 2001. The Greenland network,
with its latitudinal and longitudinal coverage, is uniquely
suited for this purpose. Particularly, these are the ﬁrst statis-
tics based on a dense meridional chain of stations. In addi-
tion, careful consideration is given to event identiﬁcation and
selection procedures. Our results conﬁrm and solidify many
of the previous ﬁndings regarding TCVs and bring new, in-
teresting relationships to light. In addition, our study clariﬁes
and settles most of the discrepancies between the existing re-
sults.
2 Method and data
The study is based on ground based magnetic variation mea-
surements from the network of stations in Greenland oper-
ated by the Danish Meteorological Institute (Wilhjelm and
Friis-Christensen, 1976). Figure 1 shows a map of the sta-
tions identiﬁed by their IAGA three-letter names.
The network consists of two near-meridional chains. One
chain of 12 stations is spread along the western coast at mag-
netic local time (MLT) approximately UT −2 h and covering
corrected geomagnetic (CGM) (Papitashvili and King, 1993;
Gustafsson et al., 1992)) latitudes 66◦–86◦. The other con-
sists of 4 stations along the eastern coast at MLT approxi-
mately UT +1 h and CGM latitudes 72◦–81◦. The station
AMK, which often is considered part of the eastern chain,
had many problems with erroneous data points (spikes) in
the measurements during the period of our study and there-
fore was excluded from our selection procedure.
2.1 Event identiﬁcation algorithm
In the following, we give a detailed account of how transient
events (MIE events) are identiﬁed in this study. Our strategy
has been to derive a purely automatic event identiﬁcation al-
gorithm. That is, we wanted to avoid visual inspection ofT. Moretto et al.: Occurrence statistics of magnetic impulsive events 587
magnetograms, as has been the case for nearly all studies
in the past (Lanzerotti et al., 1991; Glassmeier et al., 1989;
Sibeck and Korotova, 1996; Zesta et al., 2002), as this neces-
sarily introduces subjectivity to the selection procedure. For
the same reason, as well as for practical reasons given the
large scope of our study, we have not included manual deter-
mination of the consistency between the magnetic variations
and traveling ionospheric current vortices as, for example,
in Moretto and Yahnin (1998). Further, we did not want
to limit our search to events that ﬁt a speciﬁc current vor-
tex model, e.g. with predeﬁned number and size of vortices
as in the study of Clauer and Petrov (2002). On the other
hand, we wanted, as far as possible, to make our selection
criteria consistent with the magnetic signatures of traveling
convection vortices. With these considerations, we adopted
thefollowingalgorithmforeventidentiﬁcationandselection:
(1) Only the horizontal components of the magnetic variation
vectors are used; these are rotated into components H1 and
H2, where latter is directed along the local direction of con-
stant CGM latitude (positive towards East) and the former of
which is perpendicular to this (positive towards North). (2)
A high-pass ﬁlter is applied to the measurements by subtract-
ing a 20-min running mean. (3) For each station, extrema
are identiﬁed separately in the variation time series of the
H1 and H2 components. To avoid problems with instrument
noise, the absolute value of the variation at an extremum is
required to be larger than 10 nT. To avoid problems with oc-
casional spike errors in the measurements, the rate of change
of the variation on either side of an extremum is required to
be less than 10 nT/s. (4) The range of the variations (range
= maximum value - minimum value) in a 20-min window
around an extremum is required to be more than 50% larger
than the range values for the 20-min intervals on either side
of this window. Amongst extrema (for the same station and
the same component), which satisfy this criterion and occur
within 20min of each other, only the one with largest ampli-
tude variation is selected. (5) To constitute a potential event,
extrema fulﬁlling all the above requirements must occur in
the same component at least at two west coast stations within
10min of each other. If two separate events, identiﬁed in this
way, occur within 20min of each other, it means that neither
is truly transient according to our deﬁnition and they are both
discarded. Finally, for an event to be included in this study,
we require that an extremum (also fulﬁlling all the require-
ments) is detected within 10min of the time of the event in
the other component at least at one station on the west coast
and in both components on the east coast (although not nec-
essarily at the same station).
The last requirement focuses the study on transient events
that are most likely to be signatures of traveling convection
vortices. Demanding that a clear transient signature is ob-
served in both horizontal components greatly enhances the
probability that the magnetic variations will match an inter-
pretation in terms of overhead traveling current vortices (see,
for example, L¨ uhr and Blawert, 1994). Similarly, requiring
that a clear signal is also observed on the east coast (dis-
placed by approximately 3h in local time), greatly enhances
the probability that the event is the signature of a coherent
structure that propagates over a signiﬁcant distance (from
one coast to the other) (see, for example, Moretto and Yah-
nin, 1998).
For most of the period covered in the study, measurements
are also available from at least one of the stations in the
MAGIC-array located in the centre of Greenland. These ob-
servations may provide further information on the structure
and propagation properties of the events. The latitudinal ex-
tent of the array, however, is very limited (about 2◦ in CGM-
latitude). Consequently, inordernotto introduce alatitudinal
bias into our results, we have not used measurements from
these stations for the event identiﬁcation.
Identiﬁcation of events has been limited to the UT-h be-
tween 08:00 and 17:00. This ensures that nearly all stations
are on the dayside (06:00–18:00MLT). The real obstacle to
expansionofthisinterval, however, istheinterferenceofsub-
storm current systems, which may be identiﬁed as transients
by the criterion we have adopted here. This is particularly
a problem in the early evening hours, where we have found
that the large amplitude events are completely dominated by
substorm events for times later than 17:00 UT.
2.2 Amplitude criterion
In contrast to most previous studies, we do not explicitly ap-
ply an amplitude criterion for the identiﬁcation of events.
Naturally, though, some of the other requirements, for ex-
ample requiring the amplitude variations of the event to be
more than 50% larger than those immediately before and af-
ter, may indirectly have such an effect. The implications for
the various event distributions of imposing a direct amplitude
criterion has been a topic of discussion in many previous pa-
pers (e.g. Sibeck, 1993; Lin et al., 1995; Sibeck and Koro-
tova, 1996; Zesta et al., 2002). To investigate this effect, we
deﬁne two subgroups of events. In one group we require a
maximum amplitude variation (in either component at either
the east or west coast part of the event) of more than 100 nT.
In the other group we require that the overall maximum am-
plitude variation observed in the event is less than 40 nT.
2.3 Auxiliary data
To investigate statistical relationships between the MIE
events and general geomagnetic activity levels, we use the
standard 3-h geomagnetic activity index Kp. In addition,
we analyze the inﬂuence of average solar wind conditions
on event occurrence by invoking hourly averages of the in-
terplanetary magnetic ﬁeld (IMF) and solar wind plasma pa-
rameters provided in the OMNI database at the NSSDC (Na-
tional Space Science Data Center). We have found that the
strongest effects are seen when the hourly average for the
one-hour interval immediately preceding an event is used for
comparison. This value is determined from the hourly OMNI
data by simple interpolation.588 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
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Fig. 2. Relative monthly occurrence for all events observed through
1995–2001 are displayed as the gray block diagram. Overlaid are
the monthly occurrence distributions for the subgroups of large and
small amplitude events drawn in magenta and cyan colors, respec-
tively. The number of events in each group is written in the cor-
responding color in the plot. Relative occurrence is displayed as
percentage of the total number of events in each case.
3 Results and discussion
We have analyzed data for the years 1995 through 2001.
The number of events found for all seven years totals 2936,
of which 584 fulﬁll the large amplitude and 607 fulﬁll the
small amplitude requirements. Table 1 lists the number of
events for each year and also gives the numbers for the two
subgroups of large amplitude and small amplitude events.
The largest number of events in a single year (523) was ob-
served in 1996 and the lowest number was observed in year
2000 (359). We see that the two subgroups each account for
roughly 20% of the total events, although some variations in
the division are observed between the individual years.
When comparing these statistics with results from previ-
ous studies one must bear in mind differences in station cov-
erage; time-period (year); and event identiﬁcation criteria,
all of which make direct comparisons difﬁcult. The ﬁrst sta-
tistical study was conducted by Glassmeier et al. (1989) and
was based on asinglestationat 68◦ magnetic latitude. Events
were identiﬁed by visual inspection. No direct amplitude cri-
terion was applied but speciﬁc wave-forms (unipolar in the
east-west component and bipolar in the north-south compo-
nent) and “clear” events were required. During three years
from1975to1979, only82eventswereidentiﬁed. Lanzerotti
et al. (1991) used two nearly conjugate stations at roughly
74◦ magnetic latitude. Transient events were identiﬁed by
an automatic algorithm similar to the one used here but, in
addition, events were conﬁrmed by visual inspection. An
amplitude criterion of roughly 50 nT was applied. The study
covered 17 months from July 1985 to December 1986, dur-
ing which approximately 240 events were identiﬁed at each
station. More recently, two comprehensive studies have been
completed. Sibeck and Korotova (1996) used a set of high
latitude stations widely distributed in latitude and local time;
they identiﬁed transient events by visual inspection and ap-
plied an amplitude criterion of roughly 30 nT. A total of 360
events over a period of 11 months in 1986 was registered.
Zesta et al. (2002) used three stations at 75◦–77◦ magnetic
latitude and separated by roughly 3h in local time. Transient
events were identiﬁed by visual inspection and an amplitude
criterion of roughly 50 nT was applied. A total of 443 events
was found during one year from mid 1992 to mid 1993. The
occurrence rates found in this study are consistent with the
numbers reported in these last two studies.
Clauer and Petrov (2002) reported very different occur-
rence rates. Like the present study, their study utilized the
chain of stations at the west coast of Greenland. They ap-
plied an automatic event selection algorithm based on vor-
tical current structure identiﬁcation. They did not apply an
amplitude criterion and did not include any criterion to re-
quire events to be transient. For the year 1996, they identi-
ﬁed 22500 vortices (events). While we cannot claim to com-
pletely understand the discrepancy between this result and
both those quoted above and ours, we believe that a major
reason is the lack of focus on transient events in their study.
Another important difference between their selection criteria
and ours is that they do not require events to be seen co-
herently over a range of longitudes. This means that some
of their events could be very short-lived or rapidly changing
(they require consistent model ﬁts for only 8 consecutive data
points, which equals 160s).
In the following sections, we present detailed statistical
analyses of the events and their characteristics and discuss
our results in terms of previous ﬁndings. We shall compare
our ﬁndings to the results of the earlier studies quoted above,
particularly the recent studies of Sibeck and Korotova (1996)
and Zesta et al. (2002).
3.1 Seasonal occurrence
Figure 2 depicts relative monthly occurrence rates of events
for all years combined.
The results for all events together are displayed as the gray
block-diagram. This distribution is rather ﬂat but does show
a slight tendency for higher occurrence rates during the Au-
tumnal Equinox and smaller occurrence rates during winter
solstice. In addition, the distributions for the subsets of large
amplitude (magenta line and shading) and small amplitude
events (cyan line and shading) are displayed in the ﬁgure.
These distributions are less smooth due to the lower numbers
and resulting less accurate statistics but, overall, are in fair
agreement with the full distribution.
Earlier results on this have been rather contradictory and
confusing. Glassmeier et al. (1989) reported that their set of
TCV events showed a slight decrease in occurrence during
the equinoxes, except for a large spike for the month of Oc-
tober. In contrast, Lanzerotti et al. (1991) found that their
set of MIE events showed an increase in occurrence during
equinoxes. Sibeck and Korotova (1996) found their events
to show a minimum in occurrence during summer. Finally,T. Moretto et al.: Occurrence statistics of magnetic impulsive events 589
Table 1. Number of transient events.
Year 1995 1996 1997 1998 1999 2000 2001 All
All events 516 523 381 387 395 359 375 2936
Large amplitude 126(24%) 107(20%) 59(15%) 71(18%) 64(16%) 84(23%) 73(19%) 584(20%)
Small amplitude 99(19%) 105(20%) 88(23%) 96(25%) 72(18%) 67(19%) 80(21%) 607(21%)
Zesta et al. (2002) reported that their events, identiﬁed in
data covering one year from mid 1992 to mid 1993, show
a very slight increase in occurrence during spring equinox
and winter solstice. The Glassmeier et al. (1989) study, cov-
ering three years, was the only study to cover several years.
It is interesting to note that they recorded the largest num-
ber of events for the month of October but dismissed this
result as possibly spurious. Our distribution also shows the
largest number of events during October, particularly for the
subgroup of large events which, presumably, resemble most
closely the type of events studied by Glassmeier et al. (1989).
We note however that this result is not reproduced for all in-
dividual years. The monthly distributions for each year of
the study are depicted in Fig. 3. Signiﬁcant ﬂuctuations oc-
cur from year to year, rendering the trends observed in Fig. 2
highly questionable. We conclude, that season is only a weak
factor, if at all, in the occurrence of the MIE events. This also
explains the large discrepancies that exist between the vari-
ous studies on this point.
3.2 Local time occurrence
Figure 4 shows the diurnal distribution of events. The time of
an event is deﬁned here as the UT-time at which the largest
H2-component variation occurs amongst the west coast sta-
tions that observe the event. Given that all signatures of an
event are required to occur within a 10-min interval, how-
ever, the exact deﬁnition has no practical implications for the
results shown here. The format of the ﬁgure is the same as
that of Fig. 2. The approximate UT-times of local magnetic
noon at the west coast (14:00 UT) and east coast (11:00 UT)
stations, respectively, are indicated in the ﬁgure by green tri-
angles. The three distributions in Fig. 4 are very similar.
They exhibit a broad peak around 11:00–12:00 UT (corre-
sponding to 09:00–10:00 MLT at the west coast stations),
which drops of more sharply towards earlier times than to-
wards later times. The distributions for the large and small
amplitude events (cyan and magenta curves, respectively) are
both more sharply peaked than the full distribution and the
peak of the large amplitude distribution is located slightly
earlier.
The UT, or rather corresponding local time, distribution
of MIE and TCV events has been the subject of intense dis-
cussion (Glassmeier et al., 1989; Lanzerotti et al., 1991; Lin
et al., 1995; Sibeck et al., 1996; Sibeck and Korotova, 1996;
Vorobjev et al., 1999; Zesta et al., 2002). The distribution we
ﬁnd here is less sharply peaked than those reported in the ear-
lier studies. Qualitatively, however, ﬁnding a peak in occur-
rence for pre-noon local times is in agreement with previous
ﬁndings. The location of the peak also is in reasonable agree-
ment with earlier results, which report peaks around 08:00–
10:00 MLT. There is no clear indication of a mid-noon gap
(or a separate secondary peak after noon local time) as re-
ported by Lanzerotti et al. (1991) and Sibeck and Korotova
(1996)inanyofthedistributions. Althoughtheincorporation
of both east and west coast stations means that we cannot rig-
orously interpret our results in terms of local time, they are
clearly consistent with more events being observed prior to
local noon than after, as reported by all previous studies.
Figure 5 displays the diurnal distributions for each year
individually. Though rather large variations in the distribu-
tions are observed from one year to the next, they all are in
qualitative agreement with the results quoted above. They
all exhibit a peak in the distribution prior to 13:00 UT; they
all exhibit more events prior to local noon than after; only
few distributions show indications of a secondary peak after
local noon. The substantial variability that is observed for
these distributions as well as for the monthly distributions of
Fig. 3 indicates that some controlling factors in the occur-
rence of the MIE events vary signiﬁcantly from year to year.
Foremost, the exact forms of the occurrence distributions
are determined by the selection criteria on which the event
identiﬁcation is based. We have investigated this by impos-
ing a further restriction on our events, namely that they attain
an amplitude of at least 30 nT at the station SKT (at roughly
72◦ CGM latitude on the west coast). Figure 6 displays the
resulting monthly and diurnal distributions. The diurnal dis-
tribution now exhibits a better-deﬁned peak prior to local
noon and a secondary afternoon peak while the correspond-
ing monthly occurrence distribution now shows a prominent
dip in occurrence during the summer months. Both of these
features were also found in the study of Sibeck and Korotova
(1996). We shall return to these results later when we present
the latitude dependencies of our events.
3.3 Dipole tilt angle occurrence
To complement the distributions shown in Fig. 2 and Fig. 4
we display, in Fig. 7, the event occurrence as a function of
dipole tilt angle. Dipole tilt angle at the time of an event is
calculated as the angle between the Earth magnetic dipole
axis, as given by the IGRF for the appropriate epoch, and the
GSM Z-axis, positive towards the Sun (Summer) and nega-
tive away from the Sun (winter). These distributions conﬁrm590 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
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the results of Fig. 2 and Fig. 4 and are included here mainly
to demonstrate the dipole tilt-angle coverage, which will be
used for reference in the discussion, later, of dipole tilt-angle
dependency on event parameters.
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Fig.4. Relativeoccurrencesasfunctionsofuniversaltimeofevents.
Hourly bins have been used for the UT time. The format of the plot
is the same as for Fig. 2. Green triangles mark the approximate UT
time of local magnetic noon at the west coast (roughly 14:00 UT)
and the east coast (roughly 11:00 UT) of Greenland, respectively.
3.4 Event separation
Next, we present a few results on the distribution of events.
Figure 8 shows the distribution of the number of events per
day. Observing 2936 events over a period of 2555 days (the
full seven years of our study) yields an average of 1.2 events
per day. In the same way, we observe an average of 0.2 per
day for both large and small events. For comparison, we dis-
play, in Fig. 8, the values for the Poisson distribution, which
represents the expected distribution for randomly distributed
events, for these two averages (black and green diamonds, re-
spectively). In all cases, the event distributions have slightly
more days with zero events and less days with one event than
the random distributions and, correspondingly, more days
with three and four events. The only earlier study that dis-
plays such a distribution for the events is the one by Sibeck
and Korotova (1996). Their distribution most closely resem-
bles the one for the large events and clearly does not match
the one found here for all events.
Theseparationbetweendaysonwhicheventsareobserved
gives a different picture, however. Figure 9 shows the distri-
bution of days elapsed between a day observing one or more
events and the last such day a value of one means consec-
utive days. The 2936 events occur on 1637 different days,
corresponding to an average separation of 1.56 days between
event-days. For the large events, the numbers are 584 events
on 440 days giving an average separation of 5.8 days (small
events have 607 events on 520 days giving practically the
same average). Again, we show for comparison the rele-
vant Poisson distributions, representing the expected distri-
butions for randomly occurring event-days (black and green
stars, respectively). The large and small event-days clearly
occur more in groups than is consistent with a random dis-
tribution of days. The full event distribution exhibits a sim-T. Moretto et al.: Occurrence statistics of magnetic impulsive events 591
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1995-2001 MONTHLY DISTRIBUTION
2 4 6 8 10 12
Month of Year
0
5
10
15
20
Number
Event
s[
%
] 1366 events
1995-2001 UT DISTRIBUTION
8 10 12 14 16 18
UT Hours
0
5
10
15
20
Number
Event
s[
%
] 1366 events
Fig. 6. The upper panel displays the monthly occurrence rates and
the lower panel the diurnal distribution of the subgroup of events
observed with an amplitude of at least 30 nT at the station SKT.
The number of events is shown in each panel.
ilar tendency. L¨ uhr et al. (1998) investigated 19 large am-
plitude TCV events, which were identiﬁed in a set of mag-
netometers in Northern Scandinavia (66◦–76◦ magnetic lati-
tude) during six months from October 1993 to March 1994.
They also found that the event-days were not randomly dis-
tributed. More than 40% of their event-days fall within 5
days of another event-day, which is similar to the numbers
we ﬁnd here for the largest events. However, they observed
a second peak in the distribution at 10–15 days, which we do
not observe.
3.5 Amplitude distributions
Figure 10 displays the distribution of our event amplitudes.
Amplitude is taken to be the largest amplitude variation ob-
served amongst all identiﬁed extrema (i.e. fulﬁlling the re-
quirements in our selection criteria) of the event. The distri-
bution peaks in the range from 25 to 75 nT, near the lower
limit of observable amplitudes, and falls off steadily towards
larger amplitudes. Given the differences in amplitude crite-
ria, the distribution seems consistent with those obtained by592 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
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Fig. 8. Distributions of number of events per day are shown for all
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plitude subgroups (magenta and cyan colors, respectively). Over-
laid are the Poisson distributions for averages of 1.2 events per day
(black line and diamonds) and 0.2 events per day (green line and
diamonds).
Sibeck and Korotova (1996) and Zesta et al. (2002); not sur-
prisingly, it resembles most closely the former, which used
the smaller amplitude criterion of the two (roughly 30 nT as
compared to roughly 50 nT).
It has been argued that the observed local time occurrence
distribution (peaking in the mid-morning local time hours)
might partly be explained by a similar distribution in event
amplitudes (Sibeck, 1990; Sibeck and Korotova, 1996). This
suggestion is further supported by the observation in several
studies (L¨ uhr and Blawert, 1994; Moretto et al., 1997; Zesta
et al., 1999; Murr et al., 2002) that individual TCV events
ﬁrst grow in strength and later decay as they travel tailward
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Fig. 9. Distributions of separation between event days shown for all
events (gray block diagram) as well as for the large and small ampli-
tude subgroups (magenta and cyan colors, respectively). Overlaid
are the Poisson distributions for averages of 1.56 days (black line
and diamonds) and 5.8 days (green line and diamonds).
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Fig. 10. The distribution of event amplitudes is displayed using
bins of 25 nT. The large amplitude subgroup of events is marked in
magenta and the small amplitude subgroup in cyan.
from their origin near local noon towards dawn. The left
panel of Fig. 11 displays the mean amplitude for each one-
hour bin of event time. Black crosses and error-bars (stan-
dard deviation) are for the full set of events, magenta crosses
are for the large-amplitude subgroup, and cyan crosses are
for the small-amplitude subgroup. All of the curves are ﬂat,
which means that the relation between amplitude and local
time that has been observed for individual events cannot be
conﬁrmed statistically. A similar result is found for the am-
plitude as a function of dipole tilt-angle shown in the middle
panel of Fig. 11. Except for the sharp decrease in mean am-
plitude observed for the 0–5 degrees bin, for which we have
no explanation at this time, all curves are ﬂat. Speciﬁcally,
we do not ﬁnd systematically larger amplitudes for events
during summer than during winter which implies that eventT. Moretto et al.: Occurrence statistics of magnetic impulsive events 593
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crosses are for the subgroup of large amplitude events, and cyan crosses are for the small amplitude events.
amplitude does not depend strongly on ionospheric conduc-
tivity. This agrees with results found in conjugate studies of
MIEsandTCVs(Lanzerottietal.,1991;Kataokaetal.,2001;
Murr et al., 2002). The last panel of Fig. 11, in contrast,
demonstrates a clear tendency for the amplitude of events to
increase with decreasing latitude. This will be explored fur-
ther in the next section which is devoted to the examination
of the latitude dependency of events.
3.6 Latitude distributions
Utilizing the full meridional chain in the statistics allows us
to analyze the dependencies on event latitude. Latitude of
an event is determined as the latitude of the station on the
West Coast where the largest amplitude variation in the H2-
component is measured. This corresponds to the latitude
where the strongest North-South ﬂow is observed. For an
ideal vortex event, this would occur between the two main
vortices at the latitude of the center of the vortices.
Figure 12 displays the latitude distribution for all events
identiﬁed from 1995 through 2001 (gray block-diagram).
Also displayed are the distributions for the largest amplitude
events (magenta curve and shading) and smallest amplitude
events (cyan curve and shading), respectively. Latitude bins
of 2.5 degrees have been used to calculate the distribution.
Also indicated in the plot is the latitude distribution of the
West Coast stations included in the study. The latitude dis-
tributions for all three groups of events are mainly located
between 70◦ and 80◦ and peak quite strongly at 73◦–75◦. In
addition, the larger amplitude events are shifted slightly to-
wards lower latitudes whereas the smaller amplitude events
are shifted towards higher latitudes as compared to the to-
tal distribution. In all cases, the distributions fall off rather
sharply at low latitudes, around 70◦, and fall off more gradu-
ally towards high latitudes.
The latitude interval from 70◦ to 77◦ covers 3 bins, each
of which includes two stations, whereas the latitude bins at
lower and higher latitudes only cover one station each. The
one station bins are more sensitive to occasional lack of data
from a single station. Given the very long time-period cov-
ered in this study, however, we do not believe this to inﬂu-
ence the results signiﬁcantly. Another issue is the fact that
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Fig. 12. The distribution of latitudes of events is displayed using
bins of 2.5 degrees. The gray block-diagram presents the full set of
events, the magenta line and shading the large amplitude subgroup,
and the cyan line and shading the small amplitude subgroup. Green
triangles mark the location of the Greenland west coast stations.
we require the event to be observed by at least two stations
on the West coast. This criterion might seem to favor detec-
tion of events within the more densely covered interval from
70◦ to 77◦; however, we also require events to be registered
clearly at the East coast stations. Case-studies of events that
remain coherent over at least 3h of local time have shown
that the latitudinal extent of such events is much larger than
a few degrees (e.g. Moretto et al., 1997; Zesta et al., 1999;
Amm et al., 2002; Murr et al., 2002). Consequently, we do
not expect this small unevenness in latitudinal coverage to
signiﬁcantly inﬂuence the latitudinal occurrence statistics as
presented. The distribution itself lends further support to this
argument. At the lower end, a gap of 2.7◦ in latitude exists
between GHB at 70.6◦ and FHB at 67.9◦ (all latitudes are for
the 1998 epoch), while, at the other end, an almost identical
gap of 2.6◦ exists between UMQ at 76.9◦ and UPN at 79.5◦.
The distribution, however, only exhibits a sharp increase at
the lower gap not a correspondingly sharp decrease at the
upper gap. Consequently, we believe both of these features594 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
in the distribution to be real.
Figure 13 displays the mean latitude as a function of event
time and dipole tilt angle. The top two panels show the re-
sults for all events (black crosses and error-bars) as well as
for the large-amplitude and small-amplitude subgroups (ma-
genta and cyan crosses, respectively). A clear decrease in
mean latitude is observed from 77◦ at 14:00 UT to 74◦ at
09:00 UT. The large amplitude events systematically occur at
lower latitudes (by 1◦–1.5◦) and the small amplitude events
at higher latitudes (by 0.5◦–1◦). This is consistent with the
differences in latitude distributions observed in Fig. 12. An
increase in event latitude for positive dipole tilt-angles from
75◦ at 0◦ dipole tilt to 78◦ at 25◦ is also observed. Since
dipole tilt-angle is a function of UT-time, this is not a com-
pletely independent result. To estimate the mutual inﬂuence
of the two effects on each other we display, in the bottom
panels of Fig. 13, some additional mean latitude distribu-
tions. In the middle left panel we display the UT depen-
dence for events, which occur at times of positive (orange)
and negative (green) dipole tilt-angle, respectively. While
both curves show the same trend as the full set of events,
hence verifying the UT-dependency, the summer events (pos-
itive dipole tilt-angle) show an enhanced effect and the win-
ter events a reduced effect. Similarly, the middle right panel
of Fig. 13 displays the dipole-tilt dependency separately for
events that occur between 09:00 and 11:00 UT (green) and
between 13:00 and 15:00 UT, respectively. The subgroup of
late events (orange curve) veriﬁes the trend for the full set of
events and hence conﬁrms that the observed dipole tilt-angle
dependency is not only a result of the UT-dependency.
The latitude of events has previously been mainly con-
sidered in event studies, for which extensive data cover-
age could be gathered and analyzed thoroughly (L¨ uhr et al.,
1996; Moretto et al., 1997; Zesta et al., 1999; Amm et al.,
2002; Murr et al., 2002, and many others). The movement
to lower latitudes as the event propagates away from local
noon has been observed for individual events in several cases
(Moretto et al., 1997; Murr et al., 2002). Our results here
conﬁrm this feature statistically. A few smaller statistical
studies have also included results on the latitude distribution
of events. Moretto and Yahnin (1998) investigated thirteen
TCV events during quiet conditions identiﬁed in the Green-
land chain observations. They determined latitudes for these
events between 70◦ and 74◦. All these events were in the
morning sector (09:00–11:00 MLT) and so the agreement
with our ﬁndings here is very good. In the statistical study
of Sibeck and Korotova (1996), a widely distributed set of
stations were used, covering magnetic latitudes between 64◦
and 84◦; it was found that the largest amplitude signal was
most often observed at the station at 74.6◦. This, however,
was the only station in the study located between 70◦ and
76◦ so they could not investigate detailed latitude dependen-
cies further. Our results here conﬁrm and solidify this ﬁnd-
ing. The observed latitude behavior of events explains the
large differences in local time occurrence statistics between
the earlier studies. If the identiﬁcation of events is done over
anarrowrangeoflatitudes, e.g.byusingonlyasinglestation,
the resulting local time distribution will depend strongly on
the latitude of this station. Latitudes lower than roughly 75◦
will yield a sharp peak in the early morning together with
a secondary peak just after noon (examples are the results
of Lanzerotti et al., 1991; Sibeck and Korotova, 1996) while
higherlatitudeswillresultinasinglebroaderpeaklaterinthe
morning (examples are the results of Vorobjev et al., 1999;
Zesta et al., 2002). Signiﬁcant amplitude requirements will
further sharpen these trends (an example is the distribution
found by Glassmeier et al., 1989).
The bottom left panel of Fig. 13 displays the mean event
latitudes (black crosses and error-bars) together with the
poleward and equatorward boundaries (green lines) of the
statistical Feldstein auroral oval (Feldstein, 1963; Holzworth
and Meng, 1975) for quiet conditions (Q = 0). It is seen
that the local time dependency of the event latitudes closely
resembles that of the poleward auroral boundary. Similar
local time behavior for the statistical locations of plasma
sheet and boundary layer type precipitation regions, which
are closely related to the poleward boundary of diffuse au-
rora, has also been reported from low altitude satellite mea-
surements (Newell and Meng, 1992). This result lends strong
statistical evidence in support of the suggestion put forward
inseveraleventstudies(L¨ uhretal.,1996;Yahninetal.,1997;
Moretto and Yahnin, 1998; Moretto et al., 2002; Murr et al.,
2002) that the ionospheric MIE signature is coupled to a
boundary in the outer magnetosphere.
The effect of dipole tilt angle on the statistical location
of cusp and boundary layer type precipitation regions from
low altitude satellite measurements was reported by Newell
and Meng (1989). Their best linear ﬁts for the equatorward
boundaries of the cusp and Low-Latitude Boundary Layer
(LLBL) are displayed in the bottom right panel of Fig. 13
(upper and lower green curves, respectively) together with
the mean latitudes for the full set of events (black crosses
and error-bars). The direction of the dipole tilt-angle effect
for the events as well as its overall range are similar to the
one observed for the cusp but the asymmetric behavior for
positive and negative tilt-angle events clearly distinguishes it
from both of the precipitation results.
3.7 Relation to geomagnetic activity
The top left panel of Fig. 14 displays the distribution of Kp
values for the events together with the average distribution
for the full seven year period covered in the study. In the
top right panel the separate distributions for the small and
large amplitude subgroups are displayed on top of the full
distribution. The events overall exhibit a tendency to occur
for slightly elevated Kp values. The overall average for the
events is 2+ as compared to 20 for the general distribution.
Both the distribution and the average are in agreement with
those reported by Zesta et al. (2002).
The geomagnetic activity level clearly separates the small
and large amplitude subgroups. The average is 2− for small
amplitude events and 3+ for large amplitude events. During
active periods, only the largest amplitude events stand outT. Moretto et al.: Occurrence statistics of magnetic impulsive events 595
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and are identiﬁed according to our selection criteria. Alterna-
tively, largeamplitudeeventsoccurringonan otherwise quiet
background might themselves be the cause of a registered in-
crease in activity level. As it turns out, the large amplitude
events are almost equally likely to occur for southward as
for northward IMF (see Fig. 17). In the middle panels of
Fig. 14 we display the distributions for these two cases (left
and right panel, respectively). The large amplitude events
also are almost equally likely to occur during times of solar
wind speeds larger and smaller than 500 km/s (see Fig. 15).
The distributions for these two cases are displayed in the bot-
tom two panels of Fig. 14. It is seen that high Kp values are
almostequallylikelyforlargeamplitudeeventsduringnorth-
ward as during southward IMF and that, contrary to expec-
tations, more high Kp values are associated with the lower
than with the higher solar wind speed. We conclude from596 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
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Fig. 14. Relative occurrences as functions of Kp at the time of events are displayed. In the top two panels, the gray block diagrams present
the distributions for all events. In the top left panel is shown also (orange curve and shading) the background distribution for the entire period
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this that the tendency for events to be associated with higher
than average Kp values very likely results from the events
themselves inﬂuencing the Kp-index value.
3.8 Average solar wind conditions
Figure 15 shows the occurrence distributions of events as
functions of average solar wind speed and density (top and
bottom panels, respectively). In the panels on the left, we
show for comparison the corresponding distributions for the
entire seven-year interval of the study (orange curves and
shading). The panels on the right display the separate distri-
butions for the large (magenta curves and shading) and small
(cyan curves and shading) amplitude subgroups of events.
Events show a preference for larger than nominal solar wind
speeds (top left panel of Fig. 15). We also see that so-
lar wind speed clearly separates the small and large ampli-
tude events (top right panel of Fig. 15). Practically all of
the small amplitude events occur for solar wind speeds less
than 500 km/s, whereas more than half of the large ampli-T. Moretto et al.: Occurrence statistics of magnetic impulsive events 597
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tude events occur for solar wind speeds larger than that. In
comparison, the event distribution for the solar wind density
(bottom left panel of Fig. 15) is only shifted slightly towards
lower densities as compared to the nominal solar wind. The
distinction between the small and large amplitude event dis-
tributions is also much less pronounced, the large amplitude
events occurring slightly more often for lower densities and
the small amplitude events for higher densities. This reﬂects
the general tendency for solar wind speed and density to be
inversely related (e.g. Hundhausen, 1972).
Sibeck and Korotova (1996) examined hourly averages
of the solar wind speed for 152 of their events and con-
cluded that the event distribution did not signiﬁcantly differ
from the background solar wind distribution. Konik et al.
(1994) conducted a thorough analysis of the IMF and solar
wind plasma conditions for the events of Lanzerotti et al.
(1991); they reported a preference for higher than average
solar wind speeds for their subset of non-conjugate events
(105 events) but not for their conjugate events (56 events).
For the solar wind density distributions, the reported results
were very close to the ones presented here. We note, how-
ever, that the average values for the background solar wind
speed and density quoted by Konik et al. (1994) and Lanze-
rotti et al. (1991) for their study period (July 1985–December
1986) are slightly higher than the ones we ﬁnd for our seven-
year period (451 km/s versus 418 km/s for the velocity and
10.7 cm−3 versus 8.9 cm−3 for the density). Large variabil-
ity is observed in the average solar wind parameters through
the solar cycle. Similarly, we observe signiﬁcant variabil-
ity in the event distributions for the individual years. This is
demonstrated for the solar wind speed in Fig. 16. For each
year, 1995 (top panel) to 2000 (bottom panel), the distribu-
tion for all events (gray block-diagram), for the large ampli-
tude events (magenta curves and shading) and for the gen-
eral solar wind for that year (orange curves and shading) are
displayed. The event distributions, to a large extent, change
in accordance with the average distributions from year to
year. For example, all distributions for 1995 are broad and
the large amplitude distribution is even double peaked with
maximum at high speeds (around 650 km/s). In contrast, all
distributions for 1997, including the one for large amplitude
events, are much narrower and centered at lower speeds. All
years, however, verify the trend of events occurring during
higher than average solar wind speeds. Particularly, the large
amplitudeeventsseemtohavealargevariablecomponentas-
sociated with high-speed streams in the solar wind. This may
also explain the fact that the events occur more frequently
during the declining and minimum phases of the solar cy-
cle since this matches the typical behavior of the high-speed
solar wind.598 T. Moretto et al.: Occurrence statistics of magnetic impulsive events
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Fig. 16. Relative occurrences as functions of solar wind velocity
are displayed for each year individually as marked in the panels. In
each panel, the gray block-diagram presents the distribution for all
events, while the distribution for the whole year is shown in orange
and the separate distribution for the large amplitude events is shown
in magenta.
The distributions of the various IMF components for the
events as well as for the complete seven year study period are
displayed in Figure 17. While the events in general show no
speciﬁc preference regarding IMF magnitude (top left panel),
a distinction is observed between the large and small am-
plitude subgroups (top right panel) with the large amplitude
eventsoccurringforslightlylargerthanaverageandthesmall
amplitude for slightly smaller than average IMF magnitudes.
All events show slightly enhanced occurrence for small Bz
(bottom panels) and By (third row panels) components and
for large Bx (second row panels) component as compared
to the general solar wind. The separate distributions for the
large and small amplitude events diverge much less than was
observed for the solar wind plasma parameters but do show
that for the large amplitude events the general features are
further enhanced. The small amplitude distributions, in con-
trast, show less deviation from the average distributions for
the IMF components.
In contrast to the results reported by Konik et al. (1994),
Vorobjev et al. (1999), and Sibeck and Korotova (1996) we
do not observe any preference for events to occur during
northwardIMForientations. Onlythesmallamplitudeevents
occur slightly more frequently for positive than for nega-
tive IMF (309 versus 248 events, or about 25% more). The
large amplitude events actually exhibit the opposite trend
(259 versus 284 events, or roughly 10% fewer), but this is ex-
actly the same fraction as observed for the IMF for the com-
plete seven-year period. Our results indicate a preference
for events to occur for near-radial IMF orientations (large Bx
and small By and Bz components). A similar result was re-
ported by Konik et al. (1994). In contrast, Sibeck and Ko-
rotova (1996) found no preference for near-zero IMF cone
angle for their events. We should note, however, that both
Konik et al. (1994) and Sibeck and Korotova (1996) reported
strong evidence for events to be associated with ﬂuctuations
(directional changes) in the IMF, something for which, un-
fortunately, we have not been able to obtain reliable results
from the hourly averages.
4 Summary and conclusions
We have presented the results of the ﬁrst comprehensive sta-
tistical study of magnetic impulse events in the high latitude
ionosphere using the dense meridional chain of magnetome-
ter stations in Greenland. The identiﬁcation of events was
done purely with an automatic algorithm to avoid the subjec-
tivity introduced by the incorporation of visual inspection of
events, on which most previous studies are based (Lanzerotti
et al., 1991; Glassmeier et al., 1989; Sibeck and Korotova,
1996; Zesta et al., 2002). The focus is on transient events,
requiring variations within a 20-min time-interval to be more
than 50% larger than variations immediately before and af-
ter. In addition, requirements are imposed to ensure that the
selected events, as far as possible without the use of manual
or model-speciﬁc veriﬁcation of vortical structures, are con-
sistent with the magnetic signatures of traveling convection
vortices.
Data for the years 1995 through 2001 was processed,
yielding 2936 events, of which 584 make up a subgroup
of large amplitude (> 100 nT) events and 607 a sub-
group of small amplitude (< 40 nT) events. Considering
the differences in station coverage time-period (year) stud-
ied and event identiﬁcation criteria adopted, these numbers
are in good agreement with the numbers found in the two
most recent comprehensive statistical studies of MIE-events
(Sibeck and Korotova, 1996) and TCV-events (Zesta et al.,
2002).T. Moretto et al.: Occurrence statistics of magnetic impulsive events 599
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Examining the occurrence rates of events as a function of
month in the year, we ﬁnd no signiﬁcant dependence on sea-
son. Most prominently, large differences are observed be-
tween the distributions for individual years. This may ex-
plain the large discrepancies that exist between the earlier
studies on this point (Lanzerotti et al., 1991; Glassmeier
et al., 1989; Sibeck and Korotova, 1996; Zesta et al., 2002).
Furthermore, we ﬁnd that the latitude of events depends up
on dipole tilt angle, such that events occur at higher latitudes
for large positive dipole tilt (i.e. during Summer). A study
based on a narrow latitude range of stations will, therefore,
observe either a reduction in the number of events during
summer (for latitudes below roughly 75◦) or an increase (for
latitudes above roughly 75◦). Our results, for events required
to show larger than 30 nT variations at the speciﬁc station
SKT (at roughly 72◦ CGM latitude at the west coast), clearly
demonstrate this effect.
Event occurrence, as a function of time of day, peaks
broadly around 12:00 UT which corresponds to approxi-
mately 10:00 MLT at the west coast of Greenland. Although
the incorporation of both east and west coast stations means
that we cannot rigorously interpret our results in terms of lo-
cal time, they are clearly consistent with more events being
observed prior to local noon than after. Our results, thus,
are largely in agreement with the results of previous studies
(Glassmeier et al., 1989; Lanzerotti et al., 1991; Lin et al.,
1995; Sibeck et al., 1996; Sibeck and Korotova, 1996; Vorob-
jev et al., 1999; Zesta et al., 2002). In these, however, the lo-
cal time distribution of MIE and TCV events has been the
subject of intense discussion, mainly concerning the exis-
tence, or not, of a mid-day gap in occurrence rates. Our dis-
tribution peaks less sharply than those reported earlier and
we do not observe a separate secondary peak after noon local
time. Two other results of our study shed light on these dis-
crepancies. First, we ﬁnd a strong relation between event lat-
itude and time of occurrence, such that events are observed at
lower latitudes at earlier times. Consequently, as discussed
above, if the identiﬁcation of events is done over a narrow
range of latitudes, the resulting local time distribution will
depend strongly on the latitude. Latitudes lower than about
75◦ will yield a sharp peak in the early morning together
with a secondary peak just after noon (examples are the re-
sults of Lanzerotti et al., 1991; Sibeck and Korotova, 1996)
whilehigherlatitudeswillresultinasinglebroaderpeaklater
in the morning (examples are the results of Vorobjev et al.,
1999; Zesta et al., 2002). Furthermore, we observe that the
largeamplitudesubgroupofeventsareconsistentlylocatedat
lower than average latitudes and more so at earlier times. As
a result, imposing a signiﬁcant amplitude requirement on the
event selection will further sharpen the above latitude effects
(an example is the distribution found by Glassmeier et al.,
1989). Our results for the SKT subgroup of events demon-
strate these effects.
The dependence of latitude on local time clearly resem-
bles that observed for the poleward boundary of the statisti-
cal auroral oval or for boundary plasma sheet precipitation
at low altitude satellites. This provides strong evidence for
the notion that the ﬁeld-aligned current drivers of the iono-
spheric MIE events in the ionosphere originate at, and follow
as they propagate tailward, a boundary in the outer magne-
tosphere as suggested by L¨ uhr et al. (1996); Yahnin et al.
(1997); Moretto and Yahnin (1998); Moretto et al. (2002).
The direction of the dipole tilt-angle effect for the events as
wellasitsoverallrangearesimilartotheoneobservedforthe
Cusp by Newell and Meng (1989) and larger than what they
observe for the LLBL. The asymmetric behavior for positive
and negative tilt angles that we observe does not seem con-
sistent with either of their results however. In addition, the
local time distribution of events does not make the Cusp a
likely candidate for the source region.
Our events tend to occur at slightly elevated Kp values.
The overall average for events is 2+ as compared to 20 for the
general distribution. This is in good agreement with results
quoted in earlier studies (Glassmeier et al., 1989; Lanzerotti
et al., 1991; Konik et al., 1994; Zesta et al., 2002). Geo-
magnetic activity level clearly separates the small and large
amplitude subgroups. The average is 2− for small amplitude
events and 3+ for large amplitude events. However, we also
ﬁnd that high Kp values are about equally likely for large
amplitude events during northward as during southward IMF
and that more high Kp values are associated with the lower
than with the higher solar wind speed. We conclude from
this that the tendency for events to be associated with higher
than average Kp values is most likely a result of the events
themselves contributing to the Kp-index value. This can be
conﬁrmed by analyzing the direct response to high-latitude
MIE events in stations at lower latitudes and will be the sub-
ject of a future study.
From year to year, the distributions of events versus solar
wind speed resemble the distributions for solar wind speed
themselves. Nevertheless, all years, exhibit a clear trend for
events to occur during higher than average solar wind speeds.
In particular, a large but variable fraction of the high ampli-
tude events seems to be associated with high-speed streams
in the solar wind. Consequently, they exhibit increased oc-
currence during the declining and minimum phases of the
solar cycle typical for the variation of the high-speed solar
wind.
In contrast to the results reported by Konik et al. (1994),
Vorobjev et al. (1999), and Sibeck and Korotova (1996) we
do not observe a preference for events to occur during north-
ward IMF orientations. Events tend to occur for near-radial
IMF orientations (large Bx, but small By and Bz compo-
nents) similar to the result reported by Konik et al. (1994).
In contrast, Sibeck and Korotova (1996) found no preference
for near-zero IMF cone angle for their events. We note, how-
ever, that both Konik et al. (1994) and Sibeck and Korotova
(1996) reported strong evidence for events to be associated
with ﬂuctuations (directional changes) in the IMF, something
for which, unfortunately, we have not been able to obtain re-
liable results based on the hourly averages
Evidence from several case studies (Sitar et al., 1998;
Sibeck et al., 1999; Moretto et al., 2002; Murr et al., 2002)
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(2003) seem to conﬁrm the possibility that dynamic pressure
changes associated with cavities in the foreshock (created by
back-streaming ions reﬂected at the bow shock) could be the
mainsourceofMIEs(e.g.Sibeck,1995). Ourresultshereare
consistent with this in several ways. TCVs occur more fre-
quently prior to local noon than after. The same was found
for the observation of foreshock cavities by Sibeck et al.
(2001), who explain this as a result of the IMF spiral orien-
tation providing longer-lasting magnetic connections to the
bowshock in the pre-noon sector. They also report that fore-
shock cavities exhibit a preference for high-speed solar wind
streams and radial IMF orientation in a manner very similar
to the preferences reported here for our MIE events.
Statistical results concerning the detailed characteristics of
the TCV events, such as their vortical structure and propaga-
tion properties, would help to further distinguish between the
variousproposedgenerationmechanisms. Thedetermination
of the detailed features of the events, however, requires in-
dividual (manual) analysis of each event and hence has not
been pursued for this study. Rather, we propose this as the
subject of a future study based on a subset of the events,
for which high-resolution solar wind measurements are also
available.
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